We assessed the effects of near-lethal heat stress on bud break, heat-shock proteins (HSPs) and ubiquitin in hybrid poplar (Populus nigra (L.) Charkowiensis × P. nigra (L.) incrassata). Shoots, with 10--15 buds each, were collected from September to March and exposed to temperatures between 20 and 60 °C for 2 h. Shoots were then placed in a greenhouse at 18--22 °C with supplemental light and cumulative bud break was recorded over a 4-week period. Samples of bud tissues were collected during and up to 96 h after heat treatment for protein analysis. De novo synthesis of proteins was monitored by exposing excised buds to [ 35 S]-methionine for 3 h before, during, or after heat treatment. Heat treatments of 40--45 °C resulted in both a release from endodormancy and a decrease in thermal units needed for bud break during ecodormancy. The response to near-lethal heat stress was complex and was affected by intrinsic thermal sensitivity. Heat treatments were least effective during August and became progressively more effective as endodormancy progressed. In the later stages of ecodormancy, a heat treatment of 45 °C either inhibited bud break or killed the buds. Although temperatures of 42.5 to 45 °C inhibited incorporation of [ 35 S]-methionine into proteins for at least 48 h, several HSPs were synthesized in response to temperatures of 40--45 °C. Immunoblots indicated that one of the heat-induced proteins was immunologically related to HSP70. Increases in free and conjugated forms of ubiquitin were also observed in response to heat treatment. Production of HSPs and ubiquitin, however, was not consistently associated with the heat treatments that induced the highest percentage of bud break. The roles of heat-induced protein degradation, HSPs, and ubiquitin in overcoming dormancy by near-lethal heat stress are discussed.
Introduction
In response to seasonal changes in environmental conditions, temperate woody plants have evolved a capacity for seasonal dormancy during which growth is inhibited or arrested (Samish 1954 , Lang 1994 . Dormancy is also believed to be a necessary prerequisite for achieving maximum cold hardiness (Weiser 1970 , Levitt 1980 , Sakai and Larcher 1987 . A variety of near-lethal stresses are capable of abruptly releasing buds of woody plants from dormancy (Fuchigami and Nee 1987) . In particular, near-lethal heat stress is effective in releasing buds of woody plants from dormancy (Wang and Faust 1994 , Shirazi and Fuchigami 1995 , Wisniewski et al. 1996b ). Shirazi and Fuchigami (1993) suggested that stresses in general may be universally involved in the breaking of bud dormancy and that the impact of near-lethal stresses on bud dormancy may explain why chilling models used to predict the development of bud dormancy do not work satisfactorily in some environments.
The mechanism by which a short exposure to a variety of near-lethal stresses overrides intrinsic locks on growth and development is poorly understood. Exposure to near-lethal stresses results in an increase in electrolyte leakage from exposed tissues Fuchigami 1993, Wisniewski et al. 1996b ) and an increase in antioxidants (Fuchigami and Nee 1987 , Siller-Cepeda et al. 1992 , Shirazi et al. 1994 , Wang and Faust 1994 . The work of Fuchigami and Nee (1987) and Wang and Faust (1994) indicates that release from bud dormancy by near-lethal stresses, such as cold, heat, and allyl disulfide, is associated with the removal of free radicals through activated peroxide-scavenging systems.
Exposure to high temperatures generally results in an inhibition of normal protein synthesis and an increase in the translation of mRNAs for heat shock proteins (HSPs) (Gurley and Key 1991) . Increased degradation of proteins in response to heat shock is also common although the mechanism has not been well characterized (Ferguson et al. 1994) . A small polypeptide, ubiquitin, is important in controlling protein turnover in animals (Hershko and Ciechanover 1992) and plants (Vierstra 1993) . Ubiquitin is also heat inducible but its role in heat-induced protein degradation is unclear (Ferguson et al. 1994) . Wisniewski et al. (1996b) postulated that heat-induced denaturation of regulatory proteins controlling dormancy may Effects of near-lethal heat stress on bud break, heat-shock proteins and ubiquitin in dormant poplar (Populus nigra Charkowiensis × P. nigra incrassata)
lead to the removal of intrinsic blocks preventing the growth of buds.
We have characterized the ability of near-lethal heat stress to overcome bud dormancy in hybrid poplar (Populus nigra (L.) Charkowiensis × P. nigra (L.) incrassata) and examined the effects of this stress on the induction of HSPs and ubiquitin to test the hypothesis that the synthesis of these proteins is associated with the release of buds from dormancy.
Materials and methods

Effect of heat-stress treatments on bud break
Terminal shoots (6--8 per treatment) of hybrid poplar (Populus nigra Charkowiensis × P. nigra incrassata) having approximately 10--15 buds per twig were placed in perforated, heatsealed, plastic bags. Heat was applied by submerging the bags in a constant temperature water bath set at a specific temperature (20--60 ± 0.1 °C) for 2 h. Control shoots were also immersed in a waterbath for 2 h at ambient temperatures (about 20 °C) to eliminate the possibility that the heat effect was due solely to saturation of tissues with water. Following heat treatment, twigs were placed in Erlenmeyer flasks containing deionized water and placed in a greenhouse at 18--22 °C in a 16-h photoperiod with natural light supplemented and extended by means of high pressure sodium lamps (250 µmol m
) from 0600--1200 h. Bud break was recorded as a cumulative percentage of bud break over a 4-week period. Approximately 50--60 buds were monitored for each treatment. Preliminary experiments indicated that significantly more buds were released from dormancy when the heat treatments were carried out on shoots enclosed in perforated bags than in waterproof bags (data not presented).
Electrolyte leakage
Electrical conductivity was measured as described by Arora et al. (1992) and Wisniewski and Arora (1993) . There were five replicates for each treatment. For each temperature, three buds were halved longitudinally and placed in 7 ml of deionized water. The buds were vacuum infiltrated and then placed on a gyratory shaker for 2 h at 200 rpm. Conductivity of the effusate was measured with a conductivity meter (YSI Model 35, Yellow Springs Instruments, Yellow Springs, OH). Test tubes containing the buds were then autoclaved, returned to the shaker for 2 h and the conductivity of the effusate was re-measured. Data are presented as the mean percentage electrical conductivity compared to total conductivity obtained from the autoclaved buds.
In vivo labeling with [
35
S]-methionine
Controls and heat-treated vegetative buds of hybrid poplar were excised from twigs immediately following the 2-h temperature treatments (time 0) and 2, 24, 48, 72, and 96 h after the treatments. Approximately 10 buds were sampled from each temperature treatment. Five µl of borate buffer (50 mM borate plus 50 mM ascorbic acid, pH 9.0) was placed on the base of each bud to prevent desiccation. Each bud was inverted and placed in a well of a microtiter plate. The borate buffer was removed from the bottom of each inverted bud and replaced with 0.5 µl of [ 35 S]-methionine (1.83 × 10 5 Bq; DuPont, Wilmington, DE). Buds were then placed in a high humidity chamber and incubated at room temperature for 3 h. Following incubation, buds were washed three times with borate buffer containing 5 mM methionine, frozen in liquid nitrogen and stored at --80 °C until analyzed.
Frozen buds were ground in liquid nitrogen in a mortar with a pestle. The powder was transferred to a microcentrifuge tube and 600 µl of borate buffer containing 1% (v/v) 2-mercaptoethanol and 1 mM phenylmethylsulfonyl fluoride. Tubes were vortexed and then sonicated for 3 min. The samples were centrifuged for 30 min at 4 °C at 15000 g. Protein content of the supernatants was measured by a modified Bradford assay (Ramagl and Rodriguez 1985) . Equal amounts of protein were then precipated from the supernatants with 10% (v/v) trichloroacetic acid, rinsed several times with acetone and the resulting pellets were dissolved in sodium dodecyl sulfate gel electrophoresis (SDS-PAGE) sample buffer (Laemmli 1970) . Discontinuous SDS-PAGE on 12.5% polyacrylamide was carried out as previously described (Arora and Wisniewski 1994) using a PROTEAN II electrophoresis unit (Bio-Rad, La Jolla, CA). Completed gels were exposed to X-ray film (Kodak, Rochester, NY) for 7--14 days at −80 °C to generate the autoradiograms.
Immunoblots
Six µg of protein extracted from unlabeled bud tissue from each sample was separated by SDS-PAGE. Subsequently, unstained gels were electroblotted onto 0.45-µm nitrocellulose membranes (Schleicher and Schuell, Keene, NH) by means of a Bio-Rad mini trans-blot electrophoretic transfer cell (Arora and Wisniewski 1994) . Blots were blocked in 1% (w/v) BSA and probed with either monoclonal HSP70 antibody (Sigma, St. Louis, MO) or polyclonal ubiquitin antibody (Sigma). Proteins for the ubiquitin studies were separated on 15% polyacrylamide gels. Immunoreactive bands were detected by alkaline phosphatase assay with a ProtoBlot Western Blot AP kit (Promega, Madison, WI).
Results
Effect of heat-stress treatments on bud break
Generally, the ability of near-lethal heat stress to overcome dormancy was time (stage of dormancy) and temperature dependent (Figures 1 and 2) . In October 1993, no bud break occurred when shoots were treated at 20 or 25 °C, but percentage of bud break increased from 10 to 79% as the temperature of the heat-stress treatments increased from 30 to 45 °C (Figure 1A) . Temperatures of 50 °C and above were lethal (data not shown). Poplar shoots collected in November 1993 and exposed to 45 °C had a lower percentage of bud break than similarly treated shoots collected in October 1993 (59 versus 79%, respectively), but the percentage of bud break was still sixfold higher than in the controls and threefold higher than in shoots in the 40 °C treatment ( Figure 1B) .
In December 1993, bud break was 80% in shoots in the 45 °C treatment compared to 33% in the controls; no 40 °C treatment was applied. In January 1994, bud break was 90--100% in shoots in the 40--45 °C treatments and 60% in the controls ( Figure 1D ). The high percentage bud break in the controls indicated that the buds were no longer endodormant. The percentage of bud break continued to increase in the control samples during February and was similar to that of shoots in the 40 °C treatment by March 1994 ( Figures 1E--G) . In early March 1994, bud break of shoots exposed to 45 °C was 55%, or about half of the percentage bud break observed in shoots in the control or 40 °C treatments ( Figure 1F ). By late March 1994, exposure of shoots to 45 °C resulted in inhibition of bud break and high bud mortality indicating that the buds had undergone a distinct shift in thermotolerance.
Data obtained during the 1994--95 dormant season were similar to those obtained during the 1993--94 dormant season (cf. Figures 1 and 2) . Heat treatments ranging from 30 to 45 °C were least effective in breaking dormancy during paradormancy (August: 35% bud break) but their efficacy increased during subsequent months. By the end of November, 45 °C treatment resulted in 79% bud break. During endodormancy, the temperature that was most effective in inducing bud break changed from 42.5 to 45 °C (Figures 2A--E) . By late January 1995, percentage bud break was similar in shoots in all treatments after 20 days, although, as in the previous year, exposure to 40 and 45 °C resulted in increased rates of bud break ( Figure 2F ).
Electrolyte leakage
In October 1993, exposure to 40, 45 and 50 °C increased conductivity by 5, 13 and 50%, respectively, over that of the 20 °C controls (data not shown). During the second dormant season, electrolyte leakage decreased in all treatments as the dormant season progressed, indicating an increase in thermotolerance of the buds (Table 1) .
Effect of near-lethal heat stress on protein synthesis
In March 1994, several HSPs were induced in response to the 40 °C treatment ( Figure 3A) . Autoradiograms indicated that Table 1 . Electrical conductivity of buds after immersion in a water bath for 2 h at selected temperatures. Results are expressed as percent electrical conductivity compared to total conductivity of autoclaved buds (mean ± SD, n = 5). several low molecular mass HSPs and a 40-kDa protein were induced immediately after heat treatment, but were no longer present 24 h after heat treament. In contrast, HSP70 was induced immediately following the 40 °C heat treatment and the amount remained elevated for up to 48 h, after which the experiment was terminated ( Figure 3B ). It is not known whether the continued presence of high amounts of HSP70 was due to continued synthesis or lack of turnover. The induction of HSPs in response to the 40 °C treatment was associated with earlier bud break compared to the controls (20 °C treatment) but not with a significantly higher percentage of total bud break ( Figure 1F ). In September 1994, both high and low molecular mass HSPs were induced in response to the 40 °C treatment, but the induction was not apparent after 24 h ( Figure 4A ). In contrast, the 42.5 °C treatment resulted in a total inhibition of protein synthesis for at least 24 h and this was followed by a return to a normal pattern of protein synthesis. Autoradiograms of the January 1995 samples indicated a partial or complete inhibition of protein synthesis during the first 2 h following exposure to 40 and 45 °C ( Figure 4B) . A 40-kDa protein was the major protein synthesized during the first 2 h following the 40 °C treatment, but synthesis of this protein, which was also initially present in the controls, ceased after 24 h. By 72 h, the pattern of protein synthesis in the 40 °C treated samples was similar to that in the 20 °C control samples. Protein synthesis recovered within 24 h following the 45 °C treatment at which time the 40-kDa protein was the major protein synthesized; however, synthesis of the 40-kDa protein was greatly decreased by 48 h. After 48 h, patterns of protein synthesis were similar in samples from all three treatments.
Immunoblots of the September samples indicated a gradual increase in HSP70 over a 48-h period following the 40 °C treatment and a gradual increase after 48--72 h in response to the 42.5 °C treatment ( Figure 5A ). Immunoblots probed with anti-ubiquitin showed increases in both free ubiquitin and high-molecular mass forms of conjugated ubiquitin (seen as dark smearing in the upper portion of the gel lane; Figure 6A ) 48 h after the 40 and 42.5 °C treatments. No association between induction of HSPs and percentage bud break was evident. Among treatments, bud break occurred earliest in shoots in the 40 °C treatment (which also resulted in induction of HSPs); however, the greatest percentage of bud break occurred in response to the 42.5 °C treatment ( Figure 2B ), which shut down protein synthesis for 24 h and did not result in the induction of HSPs other than HSP70.
Immunoblots of January samples indicated similar patterns of induction of HSP70 in response to the three treatments as the September samples ( Figure 5B ). Anti-ubiquitin immunoblots showed a decrease in ubiquitin during the first 2 h after exposure to the 40 °C treatment compared to amounts present in the controls (20 °C). Free ubiquitin was not detectable in samples from the 45 °C treatment for the first 24 h after exposure; however, there were marked increases in both free and conjugated forms of ubiquitin at 48 h.
Discussion
Near-lethal heat treatments were capable of breaking endodormancy in poplar ( Figure 1A--C) . Similar observations have been made by Shirazi and Fuchigami (1995) in red-osier dogwood (Cornus sericea L.) and by Wang and Faust (1994) , who demonstrated that both high temperatures (40--45 °C) and sulfur-containing compounds (e.g., allyl disulfide) could overcome dormancy in apple (Malus domestica cv. Anna). Additionally, the heat treatments increased the percentage or rate of bud break, or both, during ecodormancy ( Figures 1D--F) . Apparently, heat treatments can either reduce the number of thermal units necessary for bud break during ecodormancy or increase the effective temperature range for thermal unit accumulation. These changes were greater than the decrease in thermal time needed to cause bud break that can be brought about by natural exposure to chilling temperatures (Murray et al. 1989 , Heide 1993 .
Thermotolerance increased during endodormancy (October--January) and then decreased during the latter part of ecodormancy (March) and these changes were reflected in the patterns of heat-treatment-induced bud mortality ( Figures 1F  and 1G ) and electrolyte leakage (Table 1 ). The basis for the increase in thermotolerance is not known. Guy (1990) postulated that the accumulation of cold-induced, stress-related proteins plays a role. Robertson et al. (1994) reported the presence of proteins in cold-acclimated cells suspension cultures of bromegrass (Bromus inermis Leyss) that conferred heat stability to extracts of total proteins from the cell cultures. Seasonal accumulation of dehydrin, a stress-related protein, has been reported in poplar and other species of woody plants ( Wisniewski et al. 1996a) . In contrast to vegetative buds, Burr et al. (1993) found that the relationship between thermotolerance and dormancy in conifer needles was species specific, with the greater thermotolerance being observed in mature needles from actively growing plants than in needles from dormant, cold-hardy plants.
The HSPs are believed to play a role in the acquisition of thermotolerance (Vierling 1991, Howarth and Ougham 1993) . Ubiquitin is also a heat-inducible protein and is believed to play a major role in tagging proteins for proteolysis (Hershko and Ciechanover 1992, Vierstra 1993) . Ferguson et al. (1994) have suggested that ubiquitin may also have a protective function as postulated for HSPs.
We found that HSPs and other heat-inducible proteins of varying molecular masses were induced in dormant buds of poplar in response to heat treatments. Putative HSPs belonging to the low and HSP70 group were induced in all of the experiments, whereas proteins having a similar molecular mass range to the high molecular weight HSPs were induced only in experiments conducted in September ( Figure 4A ). Except for HSP70, which was identified using a monoclonal antibody, none of the other putative HSPs were characterized. The induction of a wide range of HSPs has been reported in Pinus and Picea seedlings (Gifford and Taleisnik 1994) as well as in callus tissue of Salix (Valhala et al. 1990 ). In January samples, expression of a heat-inducible 40-kDa protein was observed in control samples exposed to 20 °C. Synthesis of HSPs at normal growth temperatures has also been reported in Salix (Valhala et al. 1990 ) and was suggested to be an ecological adaptation to climates that exhibit large (50--60 °C) air temperature fluctuations. The extent of total protein synthesis in September and January bud samples ( Figure 4A versus Figure 4B ) differed markedly.
Protein degradation plays a major role in controlling the amounts of many keys enzymes involved in maintaining cellular homeostasis and regulating differentiation, growth, and adaptation to new environmental conditions (Vierstra 1987) . Plant responses to heat include increases in binding of ubiquitin to high molecular weight conglomerates (Shimogawara and Muto 1989 , Ferguson et al. 1990 , Wettern et al. 1990 ) and both increases and decreases in the abundance of ubiquitin transcripts (Christensen et al. 1992 , Garbarino et al. 1992 . Because the ubiquitin-mediated proteolytic pathway exhibits major activity during seed formation and germination of Lupinus alba L. (Ferreira et al. 1995) , we postulated that ubiquitin facilitates heat-induced bud break.
Neither the ubiquitin response nor the early presence of HSPs was associated with the highest percentage of bud break. If breakdown of regulatory proteins controlling dormancy is necessary for bud break to occur, then the breakdown does not involve ubiquitin; however, it may occur through non-specific leakage from cells as suggested by the increases in electrolyte leakage. In a study of heat-induced proteolysis in cultured pear (Pyrus communis L.) cells, Ferguson et al. (1994) reported little change in ubiquitin conjugation or the accumulation of ubiquitin transcripts and suggested that ubiquitin may have an HSP-like protective function. Perhaps the late (24--48 h) appearance of ubiquitin and HSP70 indicates a role in protecting newly synthesized proteins.
In summary, near-lethal heat stress (40--45 °C) induced bud break in dormant poplar and increased the rate of bud break during ecodormancy, indicating that the effect of the heat treatments was dependent on the stage of dormancy. Temperatures that stimulated bud break in winter were lethal in early spring, reflecting changes in the thermotolerance of the buds. Although induction of different classes of HSPs in bud tissues were observed at different times of the year, the induction of HSPs and ubiquitin was not associated with the temperature that was most effective in inducing bud break. The use of near-lethal heat stress may prove to be a useful technique for studying changes in proteins and gene regulation associated with the release of dormancy.
